Previous studies showed that Salmonella typhimurium apparently senses external nitrogen limitation as a decrease in the concentration of the internal glutamine pool. To determine whether the inverse relationship observed between doubling time and the glutamine pool size in enteric bacteria was also seen in phylogenetically distant organisms, we studied this correlation in Bacillus subtilis, a gram-positive, sporulating bacterium. We measured the sizes of the glutamine and glutamate pools for cells grown in batch culture on different nitrogen sources that yielded a range of doubling times, for cells grown in ammonia-limited continuous culture, and for mutant strains (glnA) in which the catalytic activity of glutamine synthetase was lowered. Although the glutamine pool size of B. subtilis clearly decreased under certain conditions of nitrogen limitation, particularly in continuous culture, the inverse relationship seen between glutamine pool size and doubling time in enteric bacteria was far less obvious in B. subtilis. To rule out the possibility that differences were due to the fact that B. subtilis has only a single pathway for ammonia assimilation, we disrupted the gene (gdh) that encodes the biosynthetic glutamate dehydrogenase in Salmonella. Studies of the S. typhimurium gdh strain in ammonialimited continuous culture and of gdh glnA double-mutant strains indicated that decreases in the glutamine pool remained profound in strains with a single pathway for ammonia assimilation. Simple working hypotheses to account for the results with B. subtilis are that this organism refills an initially low glutamine pool by diminishing the utilization of glutamine for biosynthetic reactions and/or replenishes the pool by means of macromolecular degradation.
How cells perceive and respond to nutrient limitation are basic questions in microbial physiology. We have posed the first question with respect to nitrogen limitation in enteric bacteria because nitrogen metabolism has a number of simplifying features. Among the important simplifications is that most compounds derive nitrogen by secondary transfers from only two central intermediates, the amino acids glutamate and glutamine. Because a decrease in growth rate is the most direct indication of nutrient limitation, we examined the correlation between nitrogen-limited growth and the pool sizes of these two central intermediates in Salmonella typhimurium. The results indicated that Salmonella apparently perceives extracellular nitrogen limitation as a decrease in the intracellular concentration of the glutamine pool (21) . Similar results were obtained for Escherichia coli and Klebsiella pneumoniae (35a) , and hence the conclusion appears to generalize for enteric bacteria.
To investigate whether lowering the intracellular glutamine pool was a general response to nitrogen limitation in the bacteria, we assessed this response in Bacillus subtilis. B. subtilis, a low-GC gram-positive bacterium, is phylogenetically distant from the proteobacteria (20) , the group to which enteric bacteria belong, and has the capacity to sporulate under certain conditions of nutrient deprivation including nitrogen limitation (6, 34, 35) . In addition, B. subtilis differs from enteric bacteria in at least two other important regards. First, it has only a single pathway for assimilation of ammonia into glutamate, the so-called glutamine synthase (GS)/glutamate synthase (GOGAT) cycle (Fig. 1) , whereas enteric bacteria have this pathway and an additional one, the reductive amination of 2-oxoglutarate catalyzed by biosynthetic glutamate dehydrogenase (7, 21, 36) . Second, regulation of GS in B. subtilis is very different from that in enteric bacteria. Transcription of the glnA gene of B. subtilis, which encodes GS, is controlled negatively by the products of the glnR and tnrA genes, and GS is not known to be posttranslationally modified (10, 12, 37, 49) . By contrast, transcription of the glnA gene of enteric bacteria is controlled by the positive regulatory element NtrC in conjunction with the 54 holoenzyme form of RNA polymerase, and GS is covalently modified by adenylylation (21, 45) . The signals that control the function of the GlnR and TnrA repressors of B. subtilis have not been identified (12, 36, 37, 49) . Although it has been postulated that both glnA transcription and covalent modification of GS in enteric bacteria are controlled by a ratio of glutamine to 2-oxoglutarate, in vivo evidence for this is limited (30, 44) .
To achieve nitrogen limitation in B. subtilis, we grew it on poor nitrogen sources in batch culture and in ammonia-limited continuous culture, as we had done previously for enteric bacteria (21) . We made use of a wild-type strain of B. subtilis 168 that grows well on minimal medium in the absence of glutamate or tricarboxylic acid cycle intermediates and a minimal medium that allows good growth of this strain in the absence of such supplements (34, 35) . In addition, we studied glnA mutant strains that required glutamine for optimal growth on ammonia to see whether we could detect a decrease in their internal glutamine pools. Such strains of S. typhimurium simulate nitrogen limitation internally even when grown on high concentrations of ammonia. In the aggregate, our results indicate that B. subtilis initially depletes its glutamine pool upon nitrogen limitation but seems to have a mechanism(s) for refilling it. Apparently as a consequence of the latter, the clear correlation inoculate the chemostat. The culture was aerated rapidly with stirring at Ͼ500 rpm and maintained constant pH. Dilution rates were adjusted as shown in Table  3 . Samples were taken to determine (i) optical density of the culture; (ii) amount of ammonia remaining in the medium (Ammoniak kit [Sigma Chemical Co., St. Louis, Mo.]); detection limit, (ϳ20 M); (iii) ␤-galactosidase activity; and (iv) glutamate and glutamine pool sizes. The samples were stored at Ϫ80°C until they were analyzed.
To determine the percentage of spores in chemostat cultures, fresh samples were diluted with LB medium and spread on LB or tryptose blood agar base agar plates for cell counts. Samples were also heated at 80°C for 20 min or extracted with chloroform and then diluted and spread to determine the number of spores. In addition to this quantitative method for assessing sporulation, samples were examined microscopically for the appearance of refractility. Refractile spores were seen microscopically when the incidence of sporulation was 0.5% or higher but not when the incidence was Յ0.1%.
The S. typhimurium gdh strain SK3121 (Table 1) was grown in ammonialimited continuous culture as described previously (21) .
Plasmid and strain constructions. Plasmid pSF14, which carries the glnR and glnA genes of B. subtilis and the region upstream of the transcriptional start site necessary for nitrogen regulation (14, 17, 40) , was provided by H. J. Schreier. Plasmid pHJS57, which carries just the glnA gene of B. subtilis (37) , was a gift from A. L. Sonenshein. Genetic manipulations of B. subtilis were performed as described by Harwood and Cutting (19) .
The promoter for the glnRA operon of B. subtilis was subcloned from pSF14 to pDH32, a B. subtilis integration vector with a promoterless lacZ gene, in the following several steps. The DraI-SacI fragment from pSF14, which begins at position Ϫ84 with respect to the glnR transcriptional start and carries the promoter and part of the glnR gene, was cloned into the HincII-SacI sites of a pBluescript II SK vector (Stratagene) to yield pGH1. The XhoI-SacI fragment from pGH1, which carries the entire glnR promoter insert, was then cloned into the SalI and SacI sites of pTZ19 to yield pGH2, and the HindIII-EcoRI fragment from pGH2 that carries the glnR promoter insert was recloned into pBluescript to yield pGH3. Plasmid pGH3 was digested with HpaI, which cleaves at position ϩ75 with respect to the glnR transcriptional start (55 bp downstream of the translational start), and SmaI; the larger fragment was religated to delete the portion of glnR after position ϩ75 (plasmid pGH4). The BamHI-KpnI fragment of pGH4, which carries the glnR promoter insert (positions Ϫ84 to ϩ75), was cloned into pTZ19 to yield pGH5. The EcoRI-BamHI fragment of pGH5, which carries the glnR promoter insert, was then cloned into pDH32, which carries only EcoRI and BamHI as cloning sites, to yield the requisite lacZ fusion (plasmid pGH6). Finally, pGH6 was linearized with ScaI and transformed into B. subtilis to yield a glnRA promoter (glnRAp)-lacZ transcriptional fusion integrated at the amyE locus (16, 47) . In this cloning, the DraI and HpaI sites were in the glnRAp insert whereas all other sites were in the vectors.
Integration of a Salmonella glnA-lacZ fusion at the put locus of S. typhimurium has been described elsewhere (21) . This fusion was transferred to other strains by phage P22-mediated transduction. Plasmid pGln14, which carries ⌬glnA14::Spc r (2), was obtained from Susan Fisher and was used to construct strain B134, which carries the deletion-insertion on the chromosome (Table 1 , footnote e).
Isolation and growth of leaky glnA mutants. Isolation of leaky glnA mutants of B. subtilis (Table 1) was accomplished in two steps: (i) isolation of glutamine auxotrophic strains and (ii) selection of revertant strains that could grow with NH 4 Cl as the sole nitrogen source in the absence of glutamine.
We first attempted to isolate leaky glnA mutant strains of B. subtilis by the positive selection procedure of Kustu and McKereghan (25) , which was initially used in S. typhimurium and was then successfully employed to isolate glutamine auxotrophs of B. subtilis (7) . Selection is for growth on D-histidine as the histidine source in a strain carrying a stable lesion in the histidine biosynthetic operon. The nitrogen source is NH 4 Cl. In Salmonella, the selection is known to be based on the fact that a decrease in the glutamine pool leads to physiological derepression of a transport system for D-histidine and that transport rather than racemization limits use of D-histidine to satisfy histidine auxotrophy (24, 25) . To employ the selection in B. subtilis, we first introduced the hisA82::Tn917 lesion into our wild-type strain by phage PBS1-mediated transduction from donor strain 1A626 (Table 1) , with selection for erythromycin resistance. The resulting strain, B278, was then used as the parental strain for selection of spontaneous D-histidine utilizers. Of the small colonies picked after 3 days of incubation, 12 grew normally on minimal medium containing L-histidine when it was supplemented with glutamine. Of these 12, only 1 had a lesion in glnA (see below). This strain, B13, was a glutamine auxotroph (that is, it did not grow detectably on NH 4 Cl in liquid culture in the absence of glutamine or of glutamate or a source of glutamate such as proline); since glutamine is the obligatory precursor of glutamate in B. subtilis (Fig. 1) , glutamate spares the glutamine requirement. The lesion in B13 was localized to glnA by three means: (i) it could be transferred to strain B134 (⌬glnA14::Spc r ) by transformation to growth on proline plus NH 4 Cl, and other growth phenotypes (Table 6) were also inherited; (ii) it could be complemented by plasmid pHJS57, which carries just glnA; and (iii) it was cloned, and the sequence change in glnA was determined. (Nine of the twelve strains that grew optimally with glutamine also grew optimally with glutamate. Based on Western blotting for glutamine synthetase, at least three or four of these were not derepressed for glnA expression, and hence these nine strains were not studied further. Two of the twelve strains that grew optimally with A portion of the glutamine is withdrawn for biosynthesis. Because GS has a high affinity for ammonia and ATP hydrolysis is coupled to glutamate synthesis, this pathway operates efficiently even at low ammonia concentrations. (B) Biosynthetic glutamate dehydrogenase (GDH) pathway. Because GDH has a relatively low affinity for ammonia and the reaction it catalyzes is reversible, this pathway operates efficiently only at high ammonia concentrations. GS catalyzes synthesis of glutamine from the glutamate generated by GDH (not shown).
glutamine were glutamine auxotrophs with lesions in glnR [apparently glnR* lesions] [37, 39] .)
From the glutamine auxotrophs B13 and 1A174 (8) and the glutamine auxotroph SK3095 (glnA53 gdh-51 zch-1453::Tn10) of S. typhimurium, we selected partial revertants that could grow on ammonia, which included leaky glnA mutant strains. The lesions in strains 1A174 and B40, which was derived from 1A174, were localized to glnA by the three means described above. The glnA region of all mutant strains of B. subtilis was cloned by PCR, and its sequence was determined to identify mutations. For strains B32, B277, and B276, mutations resulted in the following amino acid substitutions in GS: P306H, G243S, and both G243S and Y308H, respectively (19a). The GS activities of these strains in crude cell extracts with Mg 2ϩ as the divalent cation were Ͻ0.005, Ͻ0.005, and 0.018 mol/min/mg of protein, respectively, whereas that of the wild-type strain was 0.022 mol/min/mg of protein (19a).
Determination of enzyme activities. GS activities of wild-type and mutant strains of B. subtilis were determined as described by Dean et al. (8) (2, 49) , which carries the B. subtilis glnA gene with its EcoRI fragment replaced by a spectinomycin resistance cassette, was linearized and transformed into B. subtilis 168 cells with selection for spectinomycin resistance. The disrupted glnA gene was integrated into the chromosome by homologous recombination.
f Transduction with phage PBS1. g The gdh-51 allele is 90% linked by P22-mediated transduction to zch-1463::Tn10. h P22-mediated transduction with selection for tetracycline resistance. Candidates were used as donors to strain SK3062 (⌬gltB824), and transductants were screened for glutamate auxotrophy. If the candidate carried the gdh-51 mutation, 90% of the transductants were glutamate auxotrophs, because both pathways for synthesis of glutamate were inactivated.
i Phage P22-mediated transduction with selection for Kan r or growth on NH 4 Cl as the sole nitrogen source. j SK3095 (glnA53 gdh-51) was used as the parent strain, selecting for growth on minimal salts agar plates with NH 4 Cl as the sole nitrogen source. cells were broken by sonication and the assay temperature was 37°C. ␤-Galactosidase activity was determined by the method of Miller (29), and protein concentration was determined by the method of Bradford (4). Polyclonal antiserum directed against B. subtilis GS was obtained from A. L. Sonenshein.
Measurement of amino acid pool size (no-harvest protocol).
All strains used to measure amino acid pools were histidine prototrophs. Cell suspension (0.2 volume) was added directly to ice-cold methanol (0.8 volume) so that the cell membrane would be disrupted immediately with minimum disturbance of prior physiological state (21) . Aspartic acid and ␣-aminoadipic acid were added as internal standards to correct for losses during subsequent manipulations. Generally, ␣-aminoadipic acid was used for calculations, because the aspartate pool of B. subtilis was substantial in some cases. After lyophilization, samples were stored at Ϫ80°C and were then prepared for analysis as described elsewhere (21) . Amino acids were derivatized with o-phthaldialdehyde, and derivatives were separated on a reversed-phase high-pressure liquid chromatography column (4.6 by 100 mm; C 18 ; Rainin model 80-OPA-C3), using the conditions described previously (21) . Amounts of amino acids were determined by fluorescence; the limit of detection is 2 to 3 pmol (26) .
To check for the presence of amino acids in media, cell suspensions were rapidly filtered (0.2-m-pore-size Millipore filters), and the first medium to be collected was analyzed. Glutamate was detected in the culture medium when cells were grown on proline as the nitrogen source, presumably due to leakage or excretion. No significant amount of glutamine was observed in the culture medium under these conditions, and little of either amino acid was detected in the medium when cells were grown on any of the other nitrogen sources used.
Errors for the glutamate and glutamine pool concentrations in Tables 2, 5 , and 6 are the maximum difference between individual values for an experiment and the average value that is presented. Values were determined for cells at three points during exponential growth (OD 650 of between 0.12 and 0.75). Errors for the glutamate pool concentration were rounded up to the nearest 5, whereas those for the glutamine pool concentration were rounded up to the nearest unit.
RESULTS
Glutamine pools of B. subtilis grown on different nitrogen sources in batch culture. As we had for S. typhimurium (21), we used two criteria for nitrogen-limited growth of B. subtilis: first, that the doubling time of the culture was longer than that on glutamine or arginine, the optimal nitrogen sources for Bacillus; and second, that glnA expression was elevated (12, 36) . We took the latter as an indication that slowing of growth was due to nitrogen limitation rather than another limitation or an inhibitory effect of which we were unaware. B. subtilis B23, a derivative of wild-type strain 168 carrying a fusion of the glnRA promoter to lacZ (glnRAp-lacZ) at the amyE locus, was grown on modified MOPS medium (35) with glucose or glycerol (0.2%) as the carbon source and glutamine, arginine, NH 4 Cl, proline, ␥-aminobutyric acid (GABA), urea, or N-acetylglucosamine (10 to 20 mM nitrogen) as the nitrogen source (13) . Glutamine and arginine, the best nitrogen sources for B. subtilis, yielded doubling times of ϳ48 min on both carbon sources (Table 2) ; ammonia, GABA, proline, and urea yielded doubling times of ϳ60 to 85 min. Commensurate with doubling times, expression from glnRAp was higher on the other nitrogen sources than on glutamine and arginine. N-Acetylglucosamine, which could be catabolized only with glycerol as the carbon source, yielded a doubling time of 395 min, but expression from glnRAp (550 U) was almost as low as that on arginine (420 U) and was well below that on proline, GABA, or urea (Ն3,000 U in each case). The latter provided the first indication that N-acetylglucosamine was not simply a limiting nitrogen source.
As described previously (21) (see also Materials and Methods), samples were removed from each culture at three times during exponential growth (OD 650 of 0.12 to 0.75) and assayed for glutamate and glutamine pools. The data were averaged and are presented as single points in Table 2 . The glutamate pool size was very high with arginine as the nitrogen source (520 or 390 nmol/mg [dry weight] with glucose or glycerol, respectively, as the carbon source). Although the pool size decreased somewhat with ammonia as the nitrogen source (360 or 290 nmol/mg [dry weight] with glucose or glycerol, respectively, as the carbon source), it increased again with proline (data not shown) and remained at least as high with GABA or urea as it was with ammonia. Because doubling times on proline, GABA, and urea were longer than on ammonia and glnA expression was higher, nitrogen limitation did not appear to correlate with a decrease in the glutamate pool size. The glutamate pool was markedly lower on N-acetylglucosamine than on other nitrogen sources (130 nmol/mg [dry weight]).
Although the glutamine pool was more than 2.5-fold lower on ammonia than on arginine (increase in doubling time of ϳ13 min), there was no further decrease in this pool on other poor nitrogen sources including N-acetylglucosamine. Hence, e -, Cells excreted glutamate to the medium when grown on 10 mM proline as the sole nitrogen source. f The glutamine pool of the samples increased during growth, and thus we report a range. Similarly, the differential rate of ␤-galactosidase synthesis decreased over the range indicated.
nitrogen limitation did not appear to correlate with a drop in the glutamine pool.
Having observed two peculiarities in the behavior of cells grown on N-acetylglucosamine as the nitrogen source (low expression from glnRAp and a low glutamate pool) we wanted to test further whether N-acetylglucosamine was simply a limiting nitrogen source or whether it inhibited growth on better nitrogen sources such as arginine or ammonia (21) . When cells were grown on N-acetylglucosamine, addition of arginine or NH 4 Cl did not result in an increase in the growth rate for more than 2 h. Moreover, even when the cells had fully adapted to the presence of both nitrogen sources, the doubling time on a mixture of arginine (2.5 or 5 mM) and N-acetylglucosamine (5 mM) or of NH 4 Cl (5 mM) and N-acetylglucosamine (5 mM) was 60 or 70 min, respectively, whereas the corresponding doubling time in the absence of N-acetylglucosamine was 48 or 60 min. Thus, N-acetylglucosamine appeared to inhibit growth on the two preferred nitrogen sources.
Glutamine pools of B. subtilis in ammonia-limited continuous culture. To overcome potential complications of using different compounds to achieve nitrogen limitation, including the complication that most yielded carbon skeletons as well as ammonia or other nitrogen-containing intermediates, we turned to the use of ammonia-limited continuous culture. When the dilution rate of an ammonia-limited chemostat was decreased sufficiently for B. subtilis to deplete ammonia from the medium completely (Table 3 , sample 6), the glutamine pool dropped sevenfold and glnRAp-lacZ expression was elevated about sixfold. (There was no decrease in the glutamate pool.) However, surprisingly, when the dilution rate was decreased slightly more (samples 7 to 9), the glutamine pool rose to about half of the maximum value seen in the chemostat, despite the fact that residual ammonia in the medium remained undetectable and glnRAp-lacZ expression remained maximal. When the culture was cycled by again increasing the dilution rate (samples 10 to 12), all parameters returned to those characteristic of nitrogen sufficiency (samples 1 to 3). Upon a second decrease in the dilution rate (samples 15 and 16), ammonia was depleted from the medium, glnRAp-lacZ expression rose to the maximum value seen in the chemostat, and the glutamine pool again dropped, although only some fourfold. Thus, the glutamine pool decreased to a value between the lowest and highest values seen when the dilution rate was decreased the first time.
To observe the largest decrease in the glutamine pool upon the first lowering of the dilution rate of the culture (sevenfold in the experiment above), a sample had to be taken before the culture had adapted. In the two experiments performed, the decrease in the pool size was smaller once the culture had adapted to the low dilution rate. In a single experiment in which the culture was started at a low dilution rate and allowed to adapt, we saw no change in pools or glnRAp-lacZ expression when the dilution rate was increased. We have no explanation for this. Even after 40 h at the lowest dilution rate used (0.37), the degree of sporulation was Ͻ3% (see Materials and Methods), comparable to values reported by Dawes and Mandelstam at this dilution rate (6) . At high dilution rates, the degree of sporulation was Ͻ0.1% (data not shown).
To eliminate the possibility that the unexpected instability of the glutamine pool in B. subtilis at low dilution rates was due to the fact that it had only a single pathway for ammonia assimilation, we examined the behavior of a gdh mutant strain of S. typhimurium, SK3121, in an ammonia-limited chemostat. As was true for wild-type S. typhimurium (21) , the glutamine pool decreased Ͼ10-fold at dilution rates low enough to result in depletion of ammonia from the medium (Table 4 , samples 1, 2, 8, 9, 10, and 11). The glutamate pool decreased Ͻ1.6-fold under these conditions, and glnA expression was maximal. By contrast to the case for B. subtilis, the glutamine pool remained low (below our limit of reliable detection) until the dilution rate was increased. Thus, results for the gdh mutant strain of Salmonella provided no evidence for fluctuation of the glutamine pool at low dilution rates in an organism employing only the GOGAT cycle for ammonia assimilation. We note parenthetically that glnA expression decreased little in the gdh mutant strain of Salmonella at high dilution rates, a result different from that for the wild-type strain (21) . As observed by others (27, 41, 42, 46) , both glutamine and glutamate pools of S. typhimurium were markedly lower than those of B. subtilis even under conditions of ammonia sufficiency. Glutamine pools in glnA mutant strains of B. subtilis. Leaky glnA mutant strains (glutamine bradytrophs) of S. typhimurium are able to grow on ammonia as the sole nitrogen source but grow optimally only when glutamine is added (21, 25) . When they are grown on ammonia alone, their internal glutamine pools are low and glnA expression is maximal. The growth behavior of such mutant strains allowed us to calibrate growth rate as a function of glutamine pool size and thereby demonstrate that decreases in the glutamine pool observed in wildtype Salmonella under nitrogen-limiting conditions were, in fact, sufficient to account for slow growth (21) .
Growth defects in the four Salmonella glnA mutant strains and the accompanying decreases in the glutamine pool, but not the glutamate pool, are documented in Table 5 . When the gdh-51 lesion (28) was present in these strains and hence they had only the GOGAT cycle for synthesis of glutamate, their growth rates on ammonia were dramatically lower (Table 5) and, in fact, two of the strains failed to grow (i.e., they became outright glutamine auxotrophs). For the two glnA gdh strains of Salmonella that retained the ability to grow on ammonia, glutamine pools were very low ( Table 5 ). The glutamate pool in these strains decreased Ͻ2-fold even at a doubling time as long as 300 min.
We made comparable measurements for leaky glnA mutant strains of B. subtilis, which also have only the GOGAT cycle for ammonia assimilation. These strains grew as rapidly as the congenic wild type on glutamine as the nitrogen source or on glutamine and NH 4 Cl as nitrogen sources ( Table 6 ). As had been observed previously for other glnA strains of B. subtilis (12, 36) , glnRAp-lacZ expression was very high for these strains (5,300 to 7,000 U/ml/OD 650 ) when they were grown on glutamine or glutamine and NH 4 Cl as nitrogen sources, whereas expression in the wild-type strain was minimal under these conditions (ϳ140 U/ml/OD 650 ). All three of the glnA mutant strains could grow on ammonia if proline was also provided as a source of glutamate with glucose or glycerol as the carbon source (Table 6 ). However, all of the mutant strains grew more slowly than the wild type on ammonia plus proline (doubling times of 60 to 160 min), whereas the wild type retained its optimal growth rate (doubling time of 48 min). All three mutant strains had lower glutamine pools than did the wild type, and the two fastergrowing strains, B276 (G243S, Y308C) and B277 (G243S), expressed glnRAp-lacZ at very high levels (6,000 to 7,500 U/ml/ OD 650 ). The slowest-growing mutant strain, B32 (P306H), expressed glnRAp-lacZ at about the same level as the wild type on this mixture of nitrogen sources (ϳ700 U/ml/OD 650 ). The low glnRAp-lacZ expression in strain B32 was reminiscent of that in the wild-type strain grown on N-acetylglucosamine as the sole nitrogen source (Table 2) , and we can only speculate that it may be related to slow growth (doubling time of 150 min or longer). The two mutant strains that grew fastest on ammonia plus proline, B276 and B277, could also grow on proline as the sole nitrogen source. Again, their doubling times were longer than that of the wild-type strain on proline and their glutamine pools were lower than that of the wild type. Expression of glnRAp-lacZ was high in all of the strains including the wild type.
Only the mutant strain that grew fastest on proline, B276, was also able to grow on ammonia as the sole nitrogen source. Surprisingly, its glutamine pool was greater than that of the wild-type strain despite its low growth rate (doubling time of ϳ125 min). Expression of glnRAp-lacZ was clearly greater than that in the wild-type strain (4,300 U/ml/OD 650 for the mutant versus 800 for the wild type). Both the glutamine pool and glnRAp-lacZ expression are reminiscent of those in the wildtype strain as it adapted to low dilution rates in an ammonialimited chemostat (Table 3 , samples 7 to 9 and samples 5 and 16). Results of a number of additional experiments, in which growth and washing of cultures used as inocula were varied, indicated (data not shown) (i) that the glutamine pool size of B276 was at least as high as that of B23 (wild type) with NH 4 Cl as the sole nitrogen source (NH 4 Cl also used as sole nitrogen source for inocula); (ii) that the glutamine pool size of B276 could be up to four-to fivefold higher than that of B23 when cultures used for inocula were supplemented with glutamine (5 mM), whether or not they were subsequently washed; (iii) that the glutamate pool size of B276 was normal (see also Table 6 , footnote c); and (iv) that glnRAp-lacZ expression in B276 was much greater than that in B23.
DISCUSSION
Despite a number of peculiarities in its responses, B. subtilis, like S. typhimurium, appears to perceive external nitrogen limitation as internal glutamine limitation, at least initially. The clearest evidence for this conclusion came from measurements of pool sizes of glutamate and glutamine for a wild-type strain of B. subtilis 168 grown in an ammonia-limited chemostat (Table 3). (Unlike the case for wild-type S. typhimurium (21) , pools of this strain grown on different nitrogen sources in batch culture were not readily interpretable [ Table 2 and Results].) Upon initial depletion of ammonia from the medium in an ammonia-limited chemostat (low dilution rate), wild-type B. subtilis decreased its glutamine pool 7.5-fold but did not decrease its glutamate pool. Unexpectedly, the glutamine pool was partially refilled with time, although glnRAp-lacZ expression remained maximal. On a subsequent cycle of ammonia depletion (cycling through high and then low dilution rates) the glutamine pool was again decreased, but only ϳ4-fold. Two simple hypotheses that might account for partial refilling of an initially low glutamine pool are (i) that B. subtilis decreases utilization of glutamine for biosynthetic reactions and thereby propagates a single primary limitation into several secondary limitations and (ii) that Bacillus increases degradation of nitrogen-containing compounds, e.g., by proteolysis (3, 23, 31, 33) . These hypotheses remain to be tested. Whether replenishment of the glutamine pool is related to the fact that Bacillus can sporulate upon nutrient limitation (6, 34, 35) is not clear, but it cannot be accounted for simply by massive sporulation in the chemostat because sporulation remained Ͻ3% even at the lowest dilution rate used. Both wild-type S. typhimurium and a gdh mutant strain deplete their internal glutamine pools abruptly when ammonia is exhausted from the medium in an ammonia-limited chemostat (Table 4) (21) . By contrast to the case for Bacillus, the pool remains low for as long as external ammonia remains undetectable, i.e., for as long as the low dilution rate required for complete depletion of ammonia is maintained. As is usually the case, cycling of the culture through a high and then a low dilution rate yielded exactly the same results as were obtained the first time. Since the gdh mutant strain has only one pathway for ammonia assimilation-the GOGAT cycle-as does B. subtilis, results with the Salmonella gdh strain indicate that the peculiar replenishment of the glutamine pool observed in Bacillus is not a consequence of its having only a single pathway for ammonia assimilation and glutamate synthesis.
The capacity of B. subtilis to modulate its glutamine pool in ways not seen in S. typhimurium or other enteric bacteria (35b) was apparently manifested in a leaky glnA mutant strain as well as the wild-type strain (Table 6 ). Although the three leaky glnA strains of Bacillus that we tested did deplete their glutamine pools in predictable ways when grown on a combination of ammonia and proline as nitrogen sources or on proline alone, the one strain able to grow on ammonia in the absence of other supplements, B276, had a higher glutamine pool than the wild type on this nitrogen source despite its long doubling time. We note in this connection that the leaky glnA strains generally showed both depletion of their internal glutamine pool concentrations and elevation of glnA expression when they were grown in the presence of an external source of glutamate, i.e., proline. Apparent replenishment of the glutamine pool in B276 occurred when this strain was grown on ammonia as sole nitrogen source, as it did in the wild-type strain in an ammonialimited chemostat (Table 3) . Whether this unexpected behavior in the absence of an external source of glutamate is related to the fact that most strains of B. subtilis require glutamate, or an amino acid such as proline that yields glutamate readily, to grow well in defined minimal medium (1, 6, 11, 34, 35) is unclear, as is the basis for the growth stimulation by glutamate.
In both B. subtilis and S. typhimurium, the glnA gene, which encodes GS, is transcribed at high levels when the glutamine pool is low. However, it is clear that a low glutamine pool is not required for high levels of glnA expression (e.g., results for wild-type B. subtilis grown on GABA or urea in batch culture [ Table 2 ]), glnA mutant strain B276 grown on ammonia in batch culture [ Table 6 ], and a Salmonella gdh mutant strain grown under ammonia-sufficient conditions in the chemostat [ Table 4 ]). Schreier et al. (42) , Deshpande et al. (9) , and Fisher and Sonenshein (15) have all reported that glnA expression in B. subtilis can be high independent of a drop in the glutamine pool (12, 36) . Potential roles of other metabolites in controlling glnA transcription in both Bacillus and Salmonella remain to be elucidated, as do the roles of GS itself and the TnrA product in B. subtilis (5, 12, 36, 38, 43, 49) .
